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A grain size-dependent model is theoretically established to describe the effect of a special physical
micromechanism of plastic ﬂow on the dislocation emission from an elliptical blunt crack tip in nanocrys-
talline solids. The micromechanism represents the fast nanoscale rotational deformation (NRD) occurring
through collective events of ideal nanoscale shear near crack tips, which as a stress source is approxi-
mately equivalent to a quadrupole of wedge disclinations. By the complex variable method, the grain
size-dependent criterion for the dislocation emission from an elliptical blunt crack tip is derived. The
inﬂuence of the grain size and the features of NRD on the critical stress intensity factors for dislocation
emission is evaluated. The results indicate that NRD releases the high stresses near the crack tip region
and thereby enhances the critical stress intensity factor for dislocation emission. The NRD has great inﬂu-
ence on the most probable angle for dislocation emission. The critical stress intensity factor will increase
with the increment of the grain size, which means the emission of the dislocation becomes more difﬁcult
for larger grain size due to the effect of NRD.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
In recent decades, crack growth and fracture processes in nano-
crystalline (NC) and ultraﬁne-grained materials showing superior
strength, hardness and good wear resistance have attracted tre-
mendous attention motivated by both fundamental interest to spe-
ciﬁc deformation mechanisms operating in these solids and their
technological applications (Aifantis and Dempsey, 2005; Dao
et al., 2007; Kumar et al., 2003; Meirom et al., 2012; Ovid’ko and
Sheinerman, 2010, 2007; Yang and Yang, 2008; Zhou and Wu,
2006; Zhou et al., 2008a,b, 2007, 2006). The speciﬁc properties of
the ultraﬁne-grained and NC solids are controlled by their speciﬁc
structural features, such as nanoscopic sizes of grains and large
amounts of grain boundaries (GBs), because these features cause
operation of speciﬁc structural deformation and fracture mecha-
nism. For instance, due to large amounts of GBs, alternative defor-
mation modes such as intergrain sliding, GB migration, triple
junction diffusional creep, Coble creep, rotational deformation
and nanoscale twin deformation effectively operate in NC solids
(Bobylev et al., 2011; Gutkin and Ovid’ko, 2005; Juan et al., 2012;
Morozov et al., 2010; Ovid’ko and Sheinerman, 2012, 2011,
2010). These mechanisms of plastic deformation can not only
cause relaxation of high-concentrated stresses, thereby hamperingthe nucleation of nanoscale cracks, but also slow down or arrest
the growth of the formed cracks. It has been proposed that these
deformation modes can play an important role in the toughening
of NC materials. This is in agreement with computer simulations
and experimental data showing the enhancement of fracture
toughness of several materials compared to those of their micro-
crystalline counterparts (Kuntz et al., 2004; Meirom et al., 2012;
Zhao et al., 2004).
Of particular interest is the experimentally documented phe-
nomenon of the nanoscale rotational deformation (NRD) – a plastic
deformation accompanied by crystal lattice rotations, which oper-
ates in NC solids characterized by superior strength (Cheng et al.,
2010, 2013; Cui et al., 2009; Ke et al., 1995; Liu et al., 2011; Shan
et al., 2008). For instance, Ke et al. (1995) in situ observed grain
rotations (crystal lattice rotation within grains) of up to 15 ahead
of growing crack tips in nanocrystalline Au ﬁlms under tensile
deformation. With a thin ﬁlm tensile technique, Liu et al. (2011)
reported on in situ observation of grain rotations near crack tips
in a nanocrystalline, textured, columnar-structured Au ﬁlm during
its plastic deformation. In parallel with crystal lattice rotations in
nanograins, the associated formation of perfect lattice dislocations
(carrying an extra tilt misorientation) at GBs near a crack tip was
observed. These experimental data provided convincing evidence
that NRD effectively operates in highly stressed regions near crack
tips in NC materials with ﬁnest grains. Recently, a theoretical mod-
el (Fang et al., 2012; Feng et al., 2013b; Morozov et al., 2010) has
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sliding and GB dislocation climb in nanocrystalline materials. How-
ever, the cooperative GB sliding and GB dislocation climb process is
typically slow at low and ambient temperature, because its rate is
controlled by GB diffusion carrying GB dislocation climb. Therefore,
the model (Fang et al., 2012; Feng et al., 2013b; Morozov et al.,
2010) is questionable in explanation of the experimentally docu-
mented (Cheng et al., 2010, 2013; Cui et al., 2009; Ke et al.,
1995; Liu et al., 2011; Shan et al., 2008) fast grain rotations occur-
ring near advancing crack tips in nanocrystalline materials with
ﬁnest grains at room temperature. Then, Ovid’ko and Sheinerman
(2012) suggested and theoretically described a special micromech-
anism of NRD near crack tips in nanocrystalline materials with ﬁn-
est grains at room temperature. The fast NRD micromechanism
occurring through the collective events of nanoscale ideal shear
is responsible for the fast grain rotations near crack tips. They cal-
culated the conditions for realization of NRD through ideal shear
events, and found that such rotational deformation can effectively
occur near the tip of a blunt crack rather than a sharp crack. They
also found that the NRD can enhance the fracture toughness of NC
materials, and it is the easiest to occur in ﬁnest grains, which is
highly consistent with the experimental observations (Cheng
et al., 2010; Ke et al., 1995; Shan et al., 2008).
On the other hand, it is well known that dislocation emission
from a crack tip is one of the most fundamental processes for
understanding the crack blunting in NC and ultraﬁne-grained
materials (Rice and Thomson, 1974). Once dislocations are emitted
in many crystals, they move out of the crack tip area, leaving be-
hind a dislocation-free zone. An internal back stress due to the dis-
locations emitted from crack tip accommodates the stress intensity
due to the applied load, causing an increase fracture toughness of
materials (Thomson, 1986). So, the critical stress intensity factor
(SIF) for dislocation emission for a sharp crack has been widely
analyzed in previous studies (Huang et al., 1995; Tsai and Lee,
1997; Zhang and Qian, 2000, 1996). In addition, a few works re-
ported on dislocation emission from a V-shape crack (Chen and
Lee, 2000; Zhang et al., 1995). However, the real crack in a material
is always of ﬁnite length and the radius of curvature of the crack tip
is never small enough to be zero, having a curvature radius of sev-
eral Burgers vectors due to the removal of atoms via diffusion, or
mechanical and chemical erosions (Chen et al., 2003; Wang and
Li, 2003). Therefore, the interaction between dislocations and blunt
cracks had received much attention during the last several years
(Fang et al., 2009; Fischer and Beltz, 2001; Huang and Li, 2004;
Qian et al., 2002).
Recently, Ovid’ko and Sheinerman (2010) investigated the ef-
fects of grain size and blunting of cracks on the fracture toughness
of NC materials in a typical situation where crack blunting and
growth processes are controlled by dislocation emission from crack
tips. According to their description, edge dislocations emitted from
cracks are stopped at GBs, resulting in blunting of cracks. Both
crack blunting and the stress ﬁeld of the arrested dislocations ham-
per further dislocation emission from cracks in NC materials. As a
result, grain size reduction causes NC materials to show a brittle
behavior. Based on the above description, Fang et al. (2012) de-
scribed the effect of the special rotational deformation on the
emission criterion of dislocations from a crack tip in NC materials.
Within their discussion, the special rotational deformation can
suppress the dislocation emission from the crack tip. While the
special rotational deformation is stronger, the edge dislocation
emission from the crack tip is more difﬁcult. However, in the study
of Feng et al. (2013a), they found the cooperative GB sliding and
migration can promote the dislocation emission from the crack
tip, which causes effective blunting of the crack thus suppresses
its growth and improves the toughness of NC materials. Therefore,
there is great interest in identifying the special deformation –NRDoccurring through ideal shear events near an elliptical blunt crack
tip effects on dislocation emission and crack growth in NC
materials.
In the present paper, we study the inﬂuence of the special NRD
on the criterion for dislocation emission from an elliptical blunt
crack in NC solids. The NRD occur through generation of walls of
nanodisturbances, their transformations into lattice dislocation di-
poles and formation of dislocation dipole walls with associated
nanoscale rotations of crystal lattice near blunt crack tips in NC
materials. Here, using the complex variable method, the impact
of the stresses produced by the NRD on the dislocation emission
from the elliptical blunt crack tip is investigated. The grain size
dependent criterion for dislocation emission is derived. The critical
stress intensity factors (SIFs) (caused by applied loadings) for the
dislocation emission increase with increasing of grain size due to
the inﬂuence of NRD. In addition, the emission of dislocations from
crack tip becomes more difﬁcult comparing with the case without
considering NRD, which indicates that NRD releases, in part, the
high stresses near the crack tip area and thereby enhances the crit-
ical SIFs (caused by applied loadings) for dislocation emission.2. Modeling
The model of the problem to be studied is shown in Fig. 1. Con-
sider a deformed NC specimen consisting nanoscale grains divided
by GBs and containing an elliptically blunted crack. The specimen
is assumed to be elastic and isotropic, whose shear modulus is l
and Poisson ratio is m. It is subjected to remote mode I loadings
and mode II loadings. A two-dimensional (2D) section of a typical
fragment of the solid is schematically shown in Fig. 1(a). For sim-
plicity, we assume that the defect structure of the solid is the same
along the coordinate axis z perpendicular to the xy plane. This
assumption will allow us to restrict our consideration to a 2D grain
structure which deﬁnitely reﬂects the key aspects of the problem.
The collective events of ideal shear near a blunt crack tip and
the high local stresses near the blunt crack tip can initiate nano-
scale rotational deformation (NRD) in a nanoscale grain adjacent
to the tip (Fig. 1(a)). Within our model, NRD occurs through the
generation and evolution of walls of GB dislocation dipoles by
means of nanoscale ideal shears (Fig. 2(a)–(c)). More precisely,
nanoscale ideal shears simultaneously occur under the shear stress
s in several (n) parallel slip planes (Fig. 2(b)–(c)). Such shears are
characterized by a tiny shear magnitude s and produce a wall of
n generalized stacking faults having nanoscopic sizes (Fig. 2(b)).
In the theory of crystals, a generalized stacking fault is deﬁned as
a planar defect resulting from a cut of a perfect crystal across a sin-
gle plane into two parts which are then subjected to a relative dis-
placement by an arbitrary vector s (lying in the cut plane) and
rejoined (Ovid’ko and Sheinerman, 2012, 2011).
The generalized stacking faults are bounded by ‘non-crystallo-
graphic’ partial dislocations located at GBs (which are called
nanodisturbances) and characterized by non-quantized (non-
crystallographic) Burgers vectors ±s with quite a small magnitude
s < br, where br is the magnitude of the Burgers vector of a perfect
dislocation (Fig. 2(b)). At the following stage of deformation, the
magnitude s continuously increases, and generalized stacking
faults evolve in parallel with growth of s. Finally, s reaches the
magnitude br, in which case generalized stacking faults disappear
and conventional dipoles of perfect dislocations are formed at
GBs (Fig. 2(c)).
According to the estimates in the work of Ovid’ko and Sheiner-
man (2012), NRD can be initiated by high local stresses near the tip
of a blunt crack, in contrast to a ﬂat crack. In this context, we will
focus our consideration on the NRD occurring near the tip of an
elliptical blunt crack in a NC solid (Fig. 1).
(a) (b)
Fig. 1. NRD near an elliptical blunt crack in a deformed NC slide (a) general view and (b) the magniﬁed inset highlights the NRD and dislocation emission near the blunt crack
tip.
(a) (b) (c) (d)
Fig. 2. NRD occurring near the tip of an elliptical blunt crack in a NC solid.
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als. Introduce a Cartesian system (x,y) shown in Fig. 1(b), a free sur-
face x = 0 contains the elliptical blunt crack whose center is located
at the origin o with the semi-major axis length a and the semi-
minor axis length b. Then, introduce a polar coordinate system
(r,h) with the origin at o1 that q/2 behind the notch root, and the
parameter q = b2/a is the radius of curvature of the elliptically
blunted crack tip. We consider a regular wall of n nanodisturbances
characterized by the Burgers vectors ±s, interspacing p between the
neighboring nanodisturbances and distance d between the disloca-
tions belonging to one nanodisturbance (Fig. 2(c)). The wall length
is assumed to be d0 = (n  1)p. Also, we denote the angle between
the crack plane and the stacking faults as a.
According to the theory of defects in solids (Fressengeas et al.,
2012, 2011; Gutkin and Ovid’ko, 2004; Romanov and Kolesnikova,
2009; Romanov and Vladimirov, 1992), the stresses created by the
regular wall of dislocation dipoles shown in Fig 2(c) are effectively
modeled as those created by a quadrupole of wedge disclinations
(defects of the rotational type) characterized by disclination
strengths ±x (x = sn/d0) (Fig. 2(d)). So, the wedge disclination
quadrupole, representing the NRD, consists of two negative discli-
nations with strength x at z1 = a and z3 = z1 + d0eia + dei(a+p/2), and
two positive disclinations with the same strength at z2 = z1 + d0eia
and z4 = z1 + dei(a+p/2), respectively (Fig. 1(b)).
Now, let us ﬁrst calculate the stress ﬁelds produced by disclina-
tion quadrupole (the disclination x at the crack tip becomes lo-
cated at an external free surface and disappears, in which case
the disclination quadrupole transforms into three disclinations)
in the deformed NC solid with an elliptical blunt crack.
For the plain strain problem, stress ﬁelds rxx, ryy and rxy may be
expressed in terms of twoMuskhelishvili’s complex potentialsU(z)
and W(z) in the complex plane z = x + iy (Zhang and Li, 1991)
rxx ¼ Re½2UðzÞ  zU0ðzÞ WðzÞ
ryy ¼ Re½2UðzÞ þ zU0ðzÞ þWðzÞ
rxy ¼ Im½zU0ðzÞ þWðzÞ
ð1Þ
where U0(z) = d[U(z)]/dz, the over-bar represents the complex
conjugate.We proceed to map conformally the inﬁnite region outside the
elliptical hole in the z = x + iy plane to the inﬁnite region outside a
unit circle in the f = g + in plane through a mapping function
z ¼ xðfÞ ¼ Rðfþm=fÞ ð2Þ
with R = (a + b)/2 and m = (a  b)/(a + b).
Using Muskhelishvili’s complex potential method (Muskhelish-
vili, 1975), the complex potential functions in the f = g + in plane
can be easily calculated. The complex potentials in the z = x + iy
plane can also be obtained through the mapping function Eq. (2).
Then, the complex potential functions in Eq. (1) may be expressed
as:
UðzÞ ¼ u0ðfÞ=x0ðfÞ;
U0ðzÞ ¼ U
0ðfÞ
x0ðfÞ ¼
u00ðfÞx0ðfÞ u0ðfÞx00ðfÞ
ðx0ðfÞÞ3
WðzÞ ¼ w0ðfÞ=x0ðfÞ:
ð3Þ
For the current problem, referring to the work of Fang et al.
(2012, 2006) and the mapping function Eq. (2), the complex func-
tion u(f) and w(f) can be obtained as:
uðfÞ ¼ Dx
2
X4
k¼2
sk x0ðfkÞðf fkÞ lnðf fkÞ  ak ln f 1fk
 
þ ak ln f
 
ð4Þ
wðfÞ ¼ Dx
2
X4
k¼2
sk
xðfkÞ lnðf fkÞ  ak 1þmf
2
f2m þ ak
f2
k
þm
fkð1mf2k Þ f 1fk
 
þx0ðfkÞ fkf f 1fk
 
ln x0ðfkÞ fkf f 1fk
  
0
BB@
1
CCA
ð5Þ
where D = l/(2p (1  m)), ak ¼ Rð1þmf2kÞ=fk xðfkÞ and sk
(k = 2,3,4) denote the sign of a speciﬁed disclination and are deﬁned
as s2 = s4 = 1, s3 = 1.3. Emission force of the lattice dislocation
In the following, let us calculate the force acting on the edge
dislocation near the elliptical blunt crack tip, which consists of
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and the force fC caused by the applied load.
For the edge dislocation with Burgers vector breih0 located at
z0 ¼ ðA q=2Þ þ r0eih0 in the coordination system, the force fD pro-
duced by the NRD can be written as (Zhang and Li, 1991)fD ¼ fDx  ifDy
¼ rxyðz0Þbx þ ryyðz0Þby
 þ i rxxðz0Þbx þ rxyðz0Þby 
¼ lb
2
r
4pð1 mÞ
Uðz0Þ þUðz0Þ
w
þ z0U
0ðz0Þ þWðz0Þ
w
 !
ð6Þ
where rxx, ryy and rxy are the components of the stress ﬁelds pro-
duced by the NRD, and w = l(by  ibx)/(4p (1  m)).
According to the work of Huang and Li (2004), the image force
acting on an edge dislocation produced by elliptically blunted
crack, denoted by fI, can be given byfI ¼  lb
2
r
4pð1 mÞðr0  rdÞ ð7Þ
where (r0  rd) is the distance between the dislocation and the crack
surface and rd is the distance from the original point o1 of the coor-
dinate x1o1y1 to the blunt crack surface, expressed by5
10
15
20
25
30
K0C
 KappII =0
 KappI =0
K0IIC
K0ICrd ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a2  0:25aq sin2 h0
q
 ða q=2Þ cos h0
q cos2 h0 þ a sin2 h0
q ð8Þ
For the linear elastic analysis of plan cases, Creager and Paris’s
(1967) equations can be used to evaluate the stress ﬁelds for an
elliptically blunted head. From Creager and Paris’s solutions, the
slip force fC acting on an edge dislocation induced by the applied
modes I and II loadings is given by
fC ¼ brrrh
¼ brK
app
I
2
ﬃﬃﬃﬃﬃﬃﬃﬃ
2pr
p sin h
2
1þ cos hþ q
r0
 
þ brK
app
IIﬃﬃﬃﬃﬃﬃﬃﬃ
2pr
p cos 3h
2
þ 1
2
sin h sin
h
2
 q
2r0
cos
h
2
 
ð9Þ
where rrh is the in-plane shear stress due to the applied modes I
and II stress intensity factors (SIFs), KappI and K
app
II .
Then, the emission force femit acting on the edge dislocation can
be written as
femit ¼ Re½fD cos h Im½fD sin hþ fI þ fC ð10Þ
Substituting Eqs. (6), (7), and (9) into the Eq. (10), we have the
expression of the force on the dislocation.
4. Critical stress intensity factors for the dislocation emission
Referencing to Rice and Thomson (1974), if the distance be-
tween the crack tip and the zero-slip-force position of a dislocation
is less than the core radius of dislocation, a new dislocation would
be emitted spontaneously from the crack tip. In the present analy-
sis, we assume that the core radius of the dislocation equals to the
Burgers vector br (r0 = rd + br). Combining expressions (6)-(7) and
(9)-(10) with the emission criterion femit = 0, we derive the applied
critical SIFs l and KappIIC for the dislocation emission as follows:0
ω (degree) 
5 10 15 20 25 30
Fig. 3. The critical SIFs K0C vs. disclination strength x (d = d0 = 15 nm, a = 400br, q/
a = 0.02, a = p/4, h = p/4).KappII ¼ 0;KappIC
¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pr0
p
br sin h2 1þ cos hþ qr0
  Im½fD sin h Re½fD cos h fIð Þ ð11ÞKappI ¼0;
KappIIC ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pr0
p
br cos3h2 þ 12 sinhsin h2 q2r0 cos h2
  Im½fDsinhRe½fDcosh fIð Þ
ð12Þ
Utilizing Eqs. (11) and (12), the inﬂuence of the NRD near the
elliptical blunt crack tip on the critical SIFs KappIC and K
app
IIC can be
evaluated. In the following calculation, we deﬁne the normalized
critical SIFs as K0IC ¼ KappIC =l
ﬃﬃﬃﬃ
br
p
and K0IIC ¼ KappIIC =l
ﬃﬃﬃﬃ
br
p
. We will
use the typical values of parameters of the NC material Ni (Hirth
and Lothe, 1982): l = 73 Gpa, m = 0.34. In addition, we assume
that the magnitude of Burgers vector of the edge dislocation
br = 0.25 nm. For an elliptically blunted crack, the shape can be
described by the semi-major axis length a and the normalized
radius of curvature q/a.
The normalized critical SIFs K0IC and K
0
IIC vs. the disclination
strength x are respectively depicted in Fig. 3. We found that the
normalized critical SIFs K0IC and K
0
IIC both increase with the incre-
ment of the disclination strength x. The normalized critical SIFs
have the smallest value when the NRD does not exist. This phe-
nomenon indicates that the NRD releases, in part, the high stresses
near the crack tip area and thereby enhances the critical SIFs
(caused by applied loadings) for dislocation emission. The strength
of the NRD is higher, the edge dislocation is more difﬁcult to emit
from the crack tip. We can also found that, when the disclination
strength x is certain, the normalized critical SIF K0IIC is bigger than
K0IC, which means the mode I loadings are easier than the mode II
loadings to make the disclination emit from the crack tip under
the circumstance.
Figs. 4 and 5 show the normalized critical SIFs K0C for edge dis-
location emission as functions of emission angle h0 with different
disclination strength x for modes I and II applied loadings. For
the mode I SIF in Fig. 4, in the case without the NRD, the variations
of the normalized critical SIF K0IC with respect to the dislocation
emission angle h0 are symmetrical about the origin. Referring to
the work in Huang and Li (2004), the sign of the SIF can be deter-
mined by the direction of the Burgers vector of the emerging dislo-
cations. So, we can see that, the normalized critical SIF decreases
from inﬁnity to a minimum and then increases with increasing
emission angle in the range 0 < h0 < 180. The minimum value
of K0IC denotes the most probable angle for dislocation emission.
So, the most probable angle for dislocation emission near the sharp
crack (q/a = 0) without the NRD is 70.53, which is identical to the
result in Huang and Li (2004). Then, the most probable emission0
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Fig. 4. (a) The critical SIF K0IC vs. emission angle h0 with different disclination strength x; (b) the magniﬁed inset. (d = d0 = 15 nm, a = 400br, a = p/4).
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(q/a = 0) evolves to an elliptical blunt crack of ratio q/a = 0.01.
However, when we consider the NRD near the elliptical blunt
crack, the variations of the normalized critical SIF K0IC with respect
to the dislocation emission angle are relatively complex. There are
four most probable emission angles if the disclination strengthx is
not too high (forx = 5, hmin = 148.48, 112.06, 10.35, 95.42
and for x = 10, hmin = 143.52, 128.40, 9.30, 91.35). When
the disclination strength x is higher enough, there may be only
two most probable emission angles left.
But for the mode II SIF in Fig. 5, in the case without the NRD, the
variations of the normalized critical SIF K0IC with respect to the dis-
location emission angle h0 are symmetrical about the line h0 = 0.
The normalized critical SIF increases from a ﬁnite positive value
to inﬁnity with increasing emission angle, switches to negative
inﬁnity, increases to a maximum (negative value) and ﬁnally de-
creases to negative inﬁnity in the range 0 < h0 < 180. The most
probable angle for positive dislocation emission without the NRD
is always zero, which is in agreement with the result in Huang
and Li (2004). While the most probable angle for emitting anegative dislocation decreases from 123.75 to 98.81 when the
sharp crack (q/a = 0) evolves to an elliptical blunt crack of ratio
q/a = 0.01. Similar to the normalized critical SIF K0IC, the variations
of the normalized critical SIF K0IIC with respect to the dislocation
emission angle are relatively complex when we consider the NRD
near the elliptical blunt crack. There are also four most probable
emission angles if the disclination strengthx is not too high. When
the disclination strength x is higher enough, there may be only
two most probable emission angles left.
The normalized critical SIF K0IC vs. the grain size d with different
disclination strength x is shown in Fig. 6. It is seen that the nor-
malized critical SIF K0IC increases with the increment of the grain
size d, and then tends to constant. There is a critical grain size mak-
ing the normalized critical SIF equals to zero. When the grain size
equals to the value, the dislocation can emit from the crack tip
without any loadings. Then the emission of dislocation becomes
more difﬁcult for the larger grain size. In addition, the disclination
strength has very little impact on the critical grain size.
With different normalized radius of curvature q/a, the variation
of the normalized critical SIF K0IC with respect to the angle a
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Fig. 6. The critical SIF K0IC vs. grain size d with different disclination strength x
(d = d0 , a = 400br, q/a = 0.01, a = p/4, h0 = p/4).
K0IC
ρ/a
 a=200br
 a=400br
0.00 0.01 0.02 0.03 0.04
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
Fig. 8. The critical SIF K0IC vs. normalized radius of curvature q/awith different crack
length a (x = 10, d = d0 = 15 nm, a = p/4, h0 = p/4).
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Fig. 9. The critical SIF K0IC vs. crack length a (x = 10, d = d0 = 15 nm, q/a = 0.04,
a = p/4, h0 = p/4).
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that, the normalized critical SIF ﬁrst increases from a ﬁnite value to
a maximumwith increasing angle a, then decreases to a minimum,
and increases to a smaller maximum, ﬁnally decreases to negative
ﬁnite constant. The maximum value and the minimum value both
decrease with the increment of the normalized radius of curvature
q/a. So the impact of the orientation of the NRD on the SIF is very
large when the normalized radius of curvature q/a is very small.
There is a critical angle amaking the normalized critical SIF equals
to zero. When the angle a equals to the value, the dislocation can
emit from the crack tip without any loadings. The elliptical ratio
q/a also has very little impact on the critical angle.
The normalized critical SIF K0IC for dislocation emission as a
function of the normalized radius of curvature q/a with different
crack length a is depicted in Fig. 8. It indicates that the normalized
critical SIF ﬁrst increases then decreases with increasing of the nor-
malized radius of curvature. There is a critical normalized radius of
curvature, which makes the edge dislocation emission the most
difﬁcult.
Lastly, Fig. 9 plots the dependence of the normalized critical SIF
K0IC on the crack length a. It is seen that the normalized critical SIF
ﬁrst increases and then decreases as the crack length increases. It
indicates that the edge dislocation would be easier to emit whenK0IC
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Fig. 7. The critical SIF K0IC vs. angle a with different normalized radius of curvature
q/a (x = 10, d = d0 = 15 nm, a = 400br, h0 = p/4).the crack is much shorter or much longer. When the crack length
a = 106br, the dislocation emission is the most difﬁcult.
5. Concluding remarks
In summary, the inﬂuence of the NRD, which is an important
deformation mode in NC solids, on the emission criterion of the
dislocation from the elliptical blunt crack tip is theoretically inves-
tigated by the complex variable method. We established a grain
size-dependent criterion for dislocation emission from a crack
tip. The impact of the grain size and the features of the NRD on
the critical SIFs for dislocation emission is discussed in detail.
The results indicate that:
(1) The NRD releases the high stresses near the crack tip area
and thereby enhances the critical SIFs (caused by applied
loadings) for the dislocation emission. The strength of the
NRD is higher, the edge dislocation is more difﬁcult to emit
from the crack tip.
(2) For a certain NRD strength, the mode I loadings are easier
than the mode II loadings to make the disclination emit from
the crack tip under the certain circumstance.
358 H. Feng et al. / International Journal of Solids and Structures 51 (2014) 352–358(3) The NRD has great inﬂuence on the most probable angle for
dislocation emission. It depends on the strength of the NRD.
(4) There is a critical grain size making the dislocation emit
from the crack tip without any loadings. Then the dislocation
emission becomes more difﬁcult for larger grain size due to
the NRD. In addition, the NRD strength has very little impact
on the critical grain size.
(5) The impact of the orientation of the NRD on the SIF is very
large when the normalized radius of curvature q/a is very
small. There is a critical angle amaking the dislocation emit
from the crack tip without any loadings. However, the nor-
malized radius of curvature has very little impact on the crit-
ical grain size.
(6) There is a critical normalized radius of curvature, also a crit-
ical crack length, which makes the edge dislocation emission
the most difﬁcult. So, the dislocation is easier to emit for
much shorter or much longer crack.
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